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Using a method that allowed the reconstruction of simplified 
living human skin in vitro. we investigated the effects of 
collagen textllre and dermal fibroblasts on epidermal growth. 
Like in vivo skin, our in vitro model comprised two tissues: a 
dermal equivalent and an overlying epidermis. It permitted 
measurement of epidermal growth and therefore evaluation 
of the effect of the dermal equivalent on this growth . 
Epidermal growth was enhanced when the collagen ma-
trix had previously been reorganized by fibroblasts. and was 
greatest when living fibroblasts persisted in this matrix. On 
cell-free collagen gel and on collagen matrices containing 
I ncreasing numbers of in vitro and in vivo experiments are showing that the dermis, considered for a long rime a passive mechanical support system, plays a key role in comrolling the growth and differentiation of the epidermis. In vitro, native collagen has proved a good substrate for 
keratinocytes in culcure, because it improves cellular attachment 
and spreading, promotes keratinocyte growth, and facilitates sub-
cultures [I J. It also promotes the stratification of epithelial cells and 
therefore their organization into tissue [2]. Lastly, a collagen sub-
strate seems essential for in vitro formation of a basement membrane 
and favors the formation ofhemidesmosomes at the interface of the 
culture and collagen gel 13]. 
The presence of fibroblasts is also of importance, and when epi-
demlalization is conducted on lethally irradiated dermis [4J. the 
lifespan of the keratinocyte culture increases. In addition, the seed-
in$ of epidermal cells on a confluent culture of irradiated fibroblasts 
[5J permits keratinocyte subculture, despite the absence of an orga-
nized macromolecular matrix. 
When keratinocytes are cultured on collagen membrane, morc 
complex culture models permit their reassociation with connective 
tissue in vitro or in vivo. without any direct contact berween the 
dermis and epidermis [61. In this way it has been shown that diffusi-
ble dermal products are necessary for the development of cultured 
epidermis. 
In vivo, rhe effect of the different components of the dermis on 
epidermal differentiation has been demonstrated during embryonic 
development 17] and in adult animals 18]. 
The development of a living skin equivalent by E nell [9.10] 
provides a unique in vitro system for studying cell-matrix and cell-
cell imeractions 111]. This skin is constituted in rwo steps: the first 
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dead fibroblasts. epidermal growth increased when the me-
dium was conditioned by fibroblasts grown in monolayers. 
We conclude that the function of the fibroblasts is not only 
to synthesize and degrade the extracellular matrix. but also to 
regulate epidermalization; on the one hand by remodeling 
the collagen fibers. and on the other by secreting diffusible 
factors that promote epidermal growth. These results under-
line the importance of fibroblasts in dermo-epidermal inter-
actions, and show that the skin equivalent culture model 
provides a way to quantitatively study these interactions. ] 
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provides connective tissue, i.e .. the dennal equivalent, and the sec-
ond, an overlying epidermis. We previously described a method of 
epidermalization by the insertion of skin punch biopsies into this 
dermal equivalent l12]. Its main advantage is to provide. in vitro, a 
human epidennis whose growth can be quantified. Accordingly, we 
quantified here the respective effects of the extracellular matrix 
organization and dermal fibroblasts on epidermal growth. 
MATERIALS AND METHODS 
Fibroblast cultures Fibroblast cultures were established from 
punch biopsies of human skin (2 mm diameter) obtained from nor-
mal skin during breast plastic surgery. Donor age ranged from 20 to 
35 years. The fibroblasts were propagated in Earle's Modified Eagle 
culture Medium (EMEM, Boehringer Laboratories) containing 
10% fecal calf serum (FCS, Flow Laboratories), 100 IU/ ml penicil-
lin, and 100 /lg/ ml streptomycin (Flow Labs.). Tissue culrure flasks 
were kept at 37"C in a 95% air and 5% CO2 atmosphere. 
Substrates for EpidermalizatioD Just after confluency, fibro-
blasts from cultures between passages 6 and 8 were removed by 
treatment with 0.05% Trypsin and 0.02% EDTA (Flow Labs). 
Cells wete washed with the above culture medium and suspended in 
it at 4 X lOS cells/ml. Fibroblascs were incorporated into a three-di-
mensional collagen matrix made in 100-mm diameter bacteriologic 
Petri dishes. Each dish contained 9.2 ml of concentrated EMEM 
with antibiotics. 1.8 ml of fetal calf serum, 6.0 ml of a 3 mg/ ml 
collagen solution (extracted from rat tail tendons in 1/1000 acetic 
acid solution), 1.0 1111 of O.IM NaOH, and 2.0 ml of fibroblast 
suspension. Dishes were placed at 37"C in a 95% air and 5% CO2 
atmosphere. A gel formed soon after the collagen and orher ingre-
dients were mixed. During the next few days. the gel contracted and 
a firm tissue was fonned by the active compaction of collagen fibrils 
by the fibroblasts . 
Two hours after fibroblast incorporation into the collagen matrix, 
i.e .. before any contraction had occurred, or after 4 d in culture, Le .. 
when the contraction had stabilized, the fibroblasts in some of the 
dishes were lysed by an osmotic shock. The culture medium in these 
dishes was discarded and replaced by sterile distilled water, which 
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was changed 3 times during the first day, and then left overnight. 
Cell lysis was checked by phase concrast microscopy. Specimens 
remained ill the distilled water until the day before epidermaliza-
rion. The collagen matrices were then rinsed with EMEM and kept 
in culture medium to avoid an osmotic shock to the kerarinocytes at 
epidcrmalization. Despite several rinses in the water and culture 
medium. fibroblastic debris persisted in the matrices. 
To prepare collagen gels free of fibroblasts. the cell suspension 
was replaced by 2.0 m1 of culture medium. This led to collagen 
polymerization bur not to its contraction. 
In this way. four collagen substrates were prepared for epiderma-
lization: cell-free collagen gel. gel containing dead fibroblasts. and 
contracted matrices containing ei ther dead or living fibroblasts (Fig 
1). When all four substrates were used in the same experiment. they 
were prepared in such a way as to be available at the same time. This 
enabled epidermalization to be performed in all cases with epider-
mal cells from the same donor. In each experiment. three samples of 
each substrate were run for each culture condition. 
Epidermalization The age of the human keratinocyte donors 
ranged from 20 to 35 years. Substrate epidermalization was initiated 
from a suction blister roof consisting of epidermis only, made on 
the thigh of normal volunteers by mild suction (200 mm Hg) (13). 
A punch biopsy t or 2 mm in diamecer was made from the root and 
glued with neutralized collagen to the cemer of the collagen sub-
stratc, after the culture medium had been discarded from the Pecri 
dish in which the substrate was made. Fifteen milliliters of fresh 
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Figure t. Experimelll in which epidermal outgrowth was obtained from 
bIopsies 2 mm in diameter made from suction blister roof, i.e., epidermis 
only. The biopsies were glued onto collagen substrates. Epidermal out-
growdl is shown on cdl-free collagen gels (A), gels cont2ining dead fibro-
blasts (8), and contracted collagen matrices cont2ining either dead fibro-
blasts (C). or living fibroblasts (0). Com~rison by Student's t test for 
unpaired values: A and B: p < 0.005; Band C: p < 0.01; C and D: p < 0.01. 
(Brackets: ± standard error of the mean of three samples). 
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medium containing 10% FCS and antibiotics was then poured into 
the di h. After 3 d of culture, the medium was replaced by EMEM 
containing 10% fetal calf serum and anribiotics supplemenred with 
20 ngj ml epidermal growth faccor (EGF, Collaborative Research), 
0.4 Jlg/ml hydrocortisone (Roussel), and 8.4 ng/ml cholera toxin 
(Sigma), and was subsequently changed twice a week. Cultures 
were kept at 37°C in a 95% air and 5% CO2 atmosphere. 
The epidermalization of the punch biopsies only 1 mm in diame-
ter did not make it possible to obcain reproducible epidermal 
growth. unlike that of the biopsies 2 mm in diameter, which could 
be handled more easily without damage [0 the epidermal sheet. 
In some experiments. the epidermalization was done from punch 
biopsies containing both epidermal and dermal components (i.e., 
complete skin). These biopsies were made either from normal skin 
removed during breast plastic surgery, or from the rhi~h of normal 
volunteers after local anesthesia with 1 % xylocaine without adrena-
lin. The biopsies were glued to the surface of the collagen substrate. 
Epidermalization was done with punch biopsies 1 mm in diameter. 
which gave reproducible results in this case. 
T reatment witb Medium Conditioned by Fibroblasts To 
study the influence on epidermalization of diffusible factors sc-
cretcd by fibroblasts, conditioned medium was collected from pool 
of monolayer cultures of human dermal fibroblasts that had reached 
confluency 2 or 3 d previously, and was filtered on a 0.22}1m filter 
(Millex-GV. Millipore). At each change of the epidermal culture 
medium, 15 ml were discarded and replaced by 7.5 ml of EMEM 
containing 20% FCS, 40 ng/ ml EGF, 0.8 Jlg/ ml hydrocortisone, 
and 16.8 ngj ml cholera toxin, as well as 7.5 1111 of conditioned 
medium. 
Quantification of Epidermal Growth Epidermalization was 
performed from keratinocytes from five different donors; each cul-
ture condition was checked in at least two differenc experiments. 
For each experiment. all samples were made in triplicate. 
From the glued biopsy, an epidermis progressively covered the 
surface of the collagen substrate, and epidermal growth was quanti-
fied after 18 or 21 d of culture. The area of epidermal outgrowth 
was scaincd by adding Nile blue sulfate (Sigma) to che medium at a 
final concentration of 1 jl0.000, incubating che cultures for 30 min 
at 37 D C, and rinsing them twice in a 0.9% NaCI solution. The area 
of epidermal outgrowth thus visualized was measured with a Na-
chet NS IOOO image analyzer all photographs. Epidermal DNA 
conrent was assayed by a fluorimetric procedure [14] after the epi-
dermal outgrowth had been separated with forceps (rom the colla-
gen substrace and from the onginal punch biopsy. We have pre-
viously shown that the epidermal DNA contenc was a linear 
function of the area of the outgrowth [IS}. In addition. no signifi-
cant diffcrences in the amounts of DNA per unit of area were de-
tected on the various collagen substrares. and therefore rhe densiry 
of nucleated cells was COl1stanr (mean: 0.047 ± 0.021 JlgDNAj 
mm2). We rherefore evaluated epidermalization by measuring the 
outgrowth area of the newly formed epidermis. In each experiment, 
the different culture conditions were compared by rhe Student's t 
test (or unpaired values. 
RESULTS 
Suct ion Blister RoofE pidermalization On cell-free collagen 
gel. no outgrowth was observed (Fig l A). On gel containing fi-
broblast debris, slight outgrowth occurred, significantly larger than 
on cell-free collagen gel (p < 0.005) (Fig I B). On collagen gel or 
contracted collagen matrices containing fibroblast debris, a larger 
outgrowch was exhibited by the epidermis growing on collagen 
reorganized by living fibroblasts, thereafter killed by osmotic shock 
(p < 0.01) (Fig IB,C'). On contracted collagen matrices containing 
living fibroblasts, persistence of the larter promoted epidermal out-
growth (p < 0.01), and the largest outgrowth was observed on this 
substrate (Fig le,D). 
Influence of Conditioned Medium On cell-free collagen sub-
strates and substrates containing fibroblast debris, the epidermal 
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Figure 2. Experiment in which epidermal outgrowth was obtained from 
biopies 2 mill in diameter made from suction blister roof (i.e., epidermis 
only). The biopsies were glued 00[0 cell-free collagen gels (A) or onto 
collagen m:urices containing dead fibroblasts (B). The epidermal outgrowth 
are:. increased in the presence of medium conditioned by fibroblasts cultured 
in a monolayer (CM). Influence of conditioned medium evalu:.ted by Sru-
dent's t test for unpaired values: A : p < 0.005; B: p < 0.0005. (Braduu: ± 
stand:ad error of the mean of three samples). 
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Figure 3. Experiment in which epidermal outgrowth was obtained from 
biopsies 2 mOl in diameter made from suction blister roof (i.e., epidermis 
only). The biopsies were glued onto contracted collagen matrices conu.ining 
living fibroblasts . The presence of medium conditioned by fibrobbsts cul-
tured in a monob.yer did not signj6cantly change the outgrowth area (CM). 
Student's ( test for unpaired values: p > 0. 1. (Braduts: ± standard error of the 
mean of three samples.) 
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Figure •. Epidermal outgrowth obtained from biopsies I 111111 in diameter 
l11ade frolll complete skin. i.e .• epidermis and dermis (Same donor as in Fig 1. 
run in the same experiment). Epidermal outgrowth is shown on cell-free 
collagen gel (A), gel containing dead fibroblasts (B) •• md contracted colla. 
gen matrices containing either dead fibroblasts (C). or living fibroblasts (D). 
Comparison by Student's t test for unpaired values: A and B: p < 0.01; Band 
C: p < 0.005; C and D: p > 0. 1. (Bra(luu: ± standard error of the mean of 
thre:e samples). 
outgrowth from suction blister roofs increased when the medium 
was conditioned by fibroblasts grown in mono layers, whatever the 
organization of the collagen matrix (p < 0.01) (Fig 2A,B). In con-
trast. when living fibroblasts persisted in the collagen matrix, we did 
not observe any significant overstimulation of the epidermal 
growth by the conditioned medium (p > 0.1) (Fig 3). 
Epidermalization from Complete Skin On cell-free collagen 
gel, outgrowth occurred when the epidcrmalization was initiated 
from complete skin (Fig 4A) contrary to what was observed when it 
was initiated from epidermis only (Fig lA). On gcl containing 
fibroblasts debris. the epidermal outgrowth was largcr than on ccll-
frcc collagen gel (p < 0.0 I) (Fig 4A,B). On collagen gel or con-
tractcd collagen matrices containing fibroblast debris. the largest 
outgrowth was again exhibited by the epidermis growing on colla-
gen previously reorganized by living fibroblascs (p < 0.005) (Fig 
4B,C). On previously reorganized matrix, no significant difference 
could be observed between the epidermal outgrowths occurring in 
the presence and in the absence of living fibroblasts, unlike what 
was seen with suction blister roof epidermalization (p > 0.05) (Fig 
4C,D). 
DISCUSSION 
Influence of Collagen The present tissue culture modclnot only 
enabled us to confirm the importance of the effect of the collagen 
molecule 011 the epidermal growth [2,4.61, but permitted overall 
measurement and comparison of epidermal growth on collagen ma-
crices of two different textures. A comp.:l.ct collagen matrix, reorga-
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n1zed by fibroblasts. was found to induce larger epidermal growth 
than a collagen gcl not reorganized. 
Influence of Fibroblasts The influence on epidermal growth 
and difi"erenriarion of the dermis by the secrerion of diffusible prod-
ucts has already been demonstrated [6}. The fibroblasts seem to be of 
prime importance in denno-epidermal interactions. because a feeder 
layer of irradiated fibroblasts was found to permit keratinocyte sub-
cultures (5). In the three-dimensional cultu re model used here. we 
showed that fibroblasts secrete diffusible factors that facilitate epi-
dermalization. In fact, the persistence ofliving fibroblasrs in a reor-
ganized collagen matrix rromorc epidermal outgrowth, as com-
pared with the presence 0 fibroblasts debris only. Although we did 
not c haracterize the growth factors involved. we observed that they 
induced effects similar to those of the factors secre ted by fibroblasts 
cultured in a monolayer. In fact. the addition of medium condi-
tioned by a fibroblast monolayer did nOt modify epidermal growth 
on collagen matrices containing living fibroblasts. 
Unlike the epidermal outgrowth induced by the suction blister 
roof technique, the outgrowth from complete skin on a reorganized 
collagen matrix containing dead fibroblasts was not significantly 
different from the one observed when living fibroblasts persisted in 
the matrix. Consequently, the cells of the dermis of the biopsy itself 
promote epidermal growth. However, it is impossible to evaluate 
the contribution to this growth of tbe fibroblasts in the biopsy. 
because other cells, such as endothelial cells, could also help to 
promote it. Nevercheless, the influence of the dermal compartment 
of the biopsy can be evaluated on cell-free collagen gel. or in colla-
gen matrices containing dead fibroblasts. The promotion of epider-
maliz3rion by the dermal componenr of the biopsy is masked by the 
presence of living fihroblasts in the collagen matrix, indicating thar 
the effect of the fibroblasts contained in the collagen matrix prevails 
over the effect of the biopsy itself. 
Conclusion After showing in previous work that psoriatic fibro-
blasts enhance the epidermal growth of normal keratinocytes [151, 
we demonstrated here that normal fibroblasts are directly involved 
in regulating epidermal growth. Therefore, the function of fibro-
blasts is not o nl y to synrhesize and degrade the extracellular matrix 
[16J, but also to modulate epidermalization; on the one hand by 
remodeling the collagen fibers, and on the other, by secreting diffu-
sible factors that promote epidermal growth. 
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